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Abstract—The 3.7 m long quadrupole magnet LQSO1
represents a major step of the US LHC Accelerator Bsearch
Program (LARP) towards the development of long NESn
accelerator quadrupole magnets for a LHC Luminosityupgrade.
The magnet support structure is a scale up of the In long
Technology Quadrupole TQS design with some modifit@ns
suggested by TQS model test results. It includes auminum
shell pre-tensioned over iron yokes using pressued bladders
and locking keys (bladder and key technology). Thaxial support
is provided by two stainless steel end plates congssed against
the coil ends by four stainless steel rods. The sicture,
instrumented with strain gauges, has been fabricate and
assembled around four aluminum “dummy coils” to deermine
pre-load homogeneity and mechanical characteristicsduring
cool-down. After presenting the main magnetic and ®chanical
parameters of LQSO01, we report in this paper on thedesign,
assembly, and test of the support structure, with aomparison
between strain gauges data and 3D finite element el results.

Index Terms— LARP, Nb3Sn, Quadrupole magnet

I. INTRODUCTION
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Fig. 1. LARP shell-based (S) magnets (from leftright in chronological
order and in scale): Subscale Quadrupole SQ (2d@thnology Quadrupole
TQS (2005), Long Racetrack LRS (2006), and Longdpuaole LQS (under
development).

Because of large electro-magnetic forces acting onittle
superconducting material, these magnets requirecigere
control of the coil pre-load. The main featuresshéll-based
structures are the following: 1) external segmertieeninum
shell; 2) iron yoke quadrants separated by opes dagng all
magnet operations; 3) assembly attained by joiting sub-
assemblies; 4) pre-loading applied with water prezed
bladders; 5) maximum coil stress reached after-doain; 6)
coil ends supported by end-plates and axial rods.

The LQS support structure design relies on the réspee
gained during the development of several LARP mbg(see
Fig. 1). The Sub-scale Quadrupole magnet SQ [9]-[tE3ted

n S part of the LHC Accelerator Research Program (EARin 2004, was the first magnet where the shell-batadture

[1], [2]), three US national laboratories (BNL, FNA

was applied to a quadrupole configuration. It u8é@ mm

and LBNL) are developing the 3.7 m Long Quadrupolt®nd racetrack coils, and included alignment fezguamong

magnet LQSO01, which represents a fundamental steprd

all the components. The Technology Quadrupole Staded

the development of NBn magnets for a future LHC IR Magnet TQS [13]-[19], tested in 2005, applied thraept to 1

upgrade. LQS will incorporate four ad4ype coils fabricated
at BNL and FNAL [3]-[5], and it will be tested in shell-
based support structure designed, fabricated, sseh@led at
LBNL. Shell-based support structures have beeniraily
developed by the LBNL Superconducting Magnet Pnogta
cope with the needs of high field Bn magnets [6]-[8].
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m long co$-type coils. Alignment features were not included
in the design. In 2006 the Long Racetrack Shelétymagnet
LRS [20]-[24] was fabricated and tested: it was first
magnet adopting shell-based structure for longscahd it
implemented two 3.6 m long racetrack coils assethiriea
common-coil configuration. The LQS structure isibalty an
extension of the TQS structure, with some addilid@atures
to facilitate assembly and provide alignment of streictural
components. The coil-structure alignment, excluidetthe LQ
magnet design, will be implemented in the Highefiel
Quadrupole magnet HQ [25], [26].

In this paper, we provide a detailed descriptiorL@S01
cable and magnet design in Sec. Il. The resultmadnetic
and mechanical analyses are presented in SeadIBac. IV,
while the assembly procedure is discussed in SecWo
Finally, Sec. VI describes the cool-down test @85 m long
version of the structure assembled with Al dummisco



Il. CABLE AND MAGNET DESIGN

LQSO01 features the same coil cross-section desigthe
TQ magnet series, with three conductor blocks woanodind
titanium alloy pole pieces. The strand and cablsighe
parameters are given in Table I.

TABLE | CasLe DEesicNPARAMETERS

Parameter Unit

Strand diameter mm 0.7
Process RRP
Stack 54/61
No. strands 27
Cu/Sc ratio 0.89
Cable width (bare) mm 10.050
Cable inner thickness (bare) mm 1.172
Cable outer thickness (bare) mm 1.348
Insulation thickness mm 0.125
No. turns/quadrant (layer 1) 18
No. turns/quadrant (layer 2) 16

The support structure (see Fig. 2) is comprisefbaf main
components: iron pads, iron master keys, iron yolesl
aluminum outer shell. As a first step in the asdgnthe four
pads are bolted around the coils, while the yolergs are
inserted inside the 20 mm thick shell (with an ouameter
of 496 mm) and locked in place by gap keys. Thé-pail
sub-assembly is then inserted into the shell-yoks- s
assembly. To provide alignment between the coikad the
shell/yoke subassemblies, a set of “master keysérablies
are incorporated. These master keys are matclekchested
into precision-machined features in the load paus yokes.
They include grooves for bladders (used to azinilythae-
load the structures), a central alignment key, amaol load
keys (used to lock-in the pre-load), whose positias been
optimized to minimize coil stresses during all giems.
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[23], [24], in order to improve coil stress homogip along
the longitudinal axis, the shell has been segmeirtefbur
equal-length parts (segments). The 50 mm thick yaoick pad
laminations are stacked and pre-compressed bylefudjth
stainless steel tie rods. In order to provide cartus surfaces
for the pairs of water pressurized bladders andadhd keys,
the master keys are machined from 1.7 m long itates.

Iron master
Al shell
Iron yoke

Axial rod

Iron pad

Stainless
steel pad

Stainless steel
end-plate

Fig. 3. LQS01 end design.

The coil end support system, similar to the onevipresly
implemented in the HD1 magnet [27], is composedfday
stainless steel axial rods, with a diameter of 26mM, inserted
in the four clearance holes formed by the boltedspand
engaged to two 50 mm thick stainless steel enéplksee Fig.
3). With respect to the TQS design, the axial mzhtions are
closer to the coils to reduce end plate deflectiamsl
thickness. The total magnet length is 3.7 m, inicigdend
plates and axial rods, while the coil length is 3.4

Alignment between shell and yoke is provided hyrfpins, ll.  MAGNETIC ANALYSIS

located at the four magnet mid-planes. The pad-yoke The field in the conductor has been computed b éirfite

alignment is achieved through the master keys, lwltiecause element magnetic model of the magnet cross-sectitere
of their trapezoidal shape, are nested into the gratl yoke each individual turn has been considered. The asdwmitical
mating features by the bladder pressure. The akgmm current density in the superconductor of 2800 Afnti2 T,

between the master keys is provided by a centsal ke 4.2 K) is based on strand measurements for the ZQ&@net
[18], which used the same conductor and heat texatas the
one considered for LQ.

Tie rod Iron yoke

location

TABLE Il MacneTic Desicn PARAMETERS

Gap key

location Parameter Unit 45K 42K 19K
Short sample currengs| kA 13.76 13.96 15.16
Gradient atd T/m 240 244 262
L’:;‘smas‘e’ Coil peak field (layer 1) atd T 12.29 12.46 13.43
Coil peak field (layer 2) atd T 10.52 10.66 11.48
Bladder Stored energy atsl kJ/m 457 479 559
location Inductance mH/m 49

- Al shell Values computed assuming critical current densityhe superconductor

of 2800 A/mm? (12 T, 4.2 K).

The highest field of 13.4 T (see Table Il) at th@ K short
sample current is located in layer 1, on the poata.tThe peak
field in layer 2, also located in the pole turn,alsout 2 T
lower then in layer 1. For a field quality analypexformed on
the TQ series we refer to [28], [29].

Alignment key

location Iron pad

Alignment pin
location

Axial rod
location

Fig. 2. LQSO01 cross-section.
Based on the experience learned from LRS magnét tes



In order to investigate the field in the end and it
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The computed stresses in shell from assembly toTZA0

dependence on the iron design, we analyzed withDa &re plotted in Fig. 5. Fig. 6 and Fig. 7 show theess

magnetic finite element model several cases usiffgrent
yoke, pad, and master key configurations and nadseri

Iron pad

Stainless steel pad Coil end peak field
Fig. 4. LQSO1 coil end region design.

The final choice is shown in Fig. 4, with stainlassel pads
covering the coil end region. In these conditiotie peak
field in the end region, which is located in thelepturn of
layer 1 (right below the region where the pole toftayer 2 is
bent around the pole) is reduced to the same \aduim the
straight section.

IV. MECHANICAL ANALYSIS

A. Cross-section

The stresses in coil and support structure werepcted
with a 2D finite element mechanical model. The eont
surfaces of the impregnated coil (i.e. coil blocksd pole
pieces) are assumed bonded, while all the othdacms are
modeled under the assumption of “sliding with sapan
allowed” with a friction factor of 0.2.

TABLE Il ELecTro-mAGNETIC FORCES

Fx Fy Fe Fe F.
N/mm  N/mm  N/mm  N/mm kN
Layer 1 +1673 -1124 +1148 -1503 +17
Layer2 -32 -1039 -311 -1018 +43

Values are computed per octant for a gradient 6f2#.

The e.m. forces, listed in Table I, tend to sepathe turns
from the pole pieces, compressing the coil blockgards the
mid-plane. The shell pre-load is therefore selesedhat the
contact region between the pole turns and the pielses does
not exhibit tension larger than 20 MPa (maximunsien that

the epoxy is assumed to withstand) when e.m. forces

generated by a gradient of 240 T/m, are applied.

80 -

Shell azimuthal stress (MPa)
(o2}
o
|

N
o
L

N
o
L

Bladder Key 43K 240 T/m

Fig. 5. Computed shell azimuthal stress duringlda operation, after key
insertion and bladder deflation, after cool-dowmd at 240 T/m.

evolution in the coil layer 1, where the highestuea are
predicted. The graphs plot the stresses computednfeer,
mid and outer radius of the coil, both in the poie and mid-
plane area.

During bladder operation the shell is pre-tensioted1
MPa and the coil compressed to a maximum stre99 diPa.
Once the load keys are inserted and the bladddistatt a
spring-back is expected in the structure, due ¢odlearance
necessary to slide the load keys between the rsasidter
cool-down, the shell tension increases to 159 Mifdle the
coil pole reaches a peak stress of 139 MPa. Ae.theforces
are applied, the unloading of the coil pole resuita increase
of stress on the mid-plane, while marginal variataf shell
stress is observed.

20

04

-20 1

-40

-60

-80 7

-100

-120 ~

-140 1 o

Layer 1 pole turn azimuthal stress (MPa)

--8-- Inner radius
A0 - s s s s s s —o— Mid-radius
— - Outer radius
-180
Bladder Key 43K 240 T/m

Fig. 6. Computed coil azimuthal stress in layepale area during bladder
operation, after key insertion and bladder deftatiafter cool-down, and at
240 T/m.
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Fig. 7. Computed coil azimuthal stress in layemid-plane area during
bladder operation, after key insertion and bladtiftation, after cool-down
and at 240 T/m.

B. Endregion

The mechanical behavior of the magnet ends wayzsdl
with a 3D finite element mechanical model, follogithe
integrated modeling technique described in [30].e Th
longitudinal e.m. forces, which for a 240 T/m geadiamount
to 60 kN per octant (see Table 1), are directathvardly, and



they tend to produce gaps between conductors aedoperes
in the end region. Similarly to the approach addpte the
mechanical analysis of the cross-section, the gxiatload
imparted to the coil by the end support has beaseat to
minimize the contact tension between coil and esdispvhen
the e.m. forces are applied. According to the modet
contact area between layer 2 pole turn and poleepie the
end region (see Fig. 4) is the more likely to ugdehigh
tension when the magnet is energized. As showngn&; the
25.4 mm diameter stainless steel axial rods neebetgre-
tensioned at room temperature to 88 MPa, correspgrio
180 kN of total axial force, and they reach afteoledown a
tension of 240 MPa, corresponding to 480 kN of [tatdal
force. Such a force compresses the pole turn agdiespole
piece with a contact pressure of 65 MPa, which ceduo 7

4

The assembly procedure for each segment, depicted i
Fig.10, starts with the pre-assembly of four 0.8%ng stacks
of pad and yoke laminations as shown in Fig. 10 Hob.
The laminations are aligned with bushings and cesged
with a hydraulic cylinder, whose force is then ledkin by
stainless steel tie-rods and nuts. The yoke-staoksnserted
inside a shell and azimuthally aligned through rimaé
alignment pins (see Fig. 10c) set in precision-rreah
grooves located in each of the yoke laminations imnthe
shell inside diameter. In parallel, the pad staaks bolted
around four 0.85 m long aluminum dummy coils (sep E1,
left). At this point the coil-pack sub-assembly &hd master
keys are inserted inside the shell-yoke sub-asserabd the
bladder operation executed. The bladder force musteyoke
stacks against the shell; once the target shelidanis

MPa at 240 T/m (see Fig. 9). As observed in thell,shereached, gap keys are slid in between the yok&s{aee Fig.

minimum rod stress variations are observed durkogagion.
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Fig. 8. Axial rod stress after loading at 293 Klas a function of the fraction
of e.m. force with respect to the 240 T/m level.

70

60

w B a1
] o =]

N
o
L

End contact pressure (MPa)

10 +

0.2 0.4 0.6 0.8 1

Fem/Fem_2401im

Fig. 9. Contact pressure between layer 2 pole amd pole piece after
loading at 293 K and as a function of the fractibe.m. force with respect to
the 240 T/m level.

V. ASSEMBLY PROCEDURE ANDTOOLING

The LQ magnet support structure is composed of €085

10c), and bladders are deflated. The assembly effitist
shell-yoke segment is therefore completed (seelHigright),
and the same operation is repeated for the se@gyrdent.

Alignment bushing

Pad lamination

‘Yoke lamination

“& Hydraulic cylinder o

Alignment pin

Strain gauge

Master

Gap key Rotary assembly

Hydraulic array

Bottom master key

)
Fig. 10. Assembly steps: pad lamination stackinyj §oke lamination
stacking (b); assembly of first segment (c); segnmipport system (d);
connection of two segments (e); connection of fegments (f); insertion of
full-lengh coil-pack.

Each of the segments is then mounted on a specially
designed air support system which facilitate hamgdland
positioning of the two sub-assemblies on a pregigjcanite
table. The system is composed by aluminum cradles a
rotary assemblies bolted on air pallets (see Figl).1The air
pallet is capable of lifting with a cushion of #ie full weight
of the sub-assembly (about 1 t) at a height of Gr®@ with

m long yoke-shell sub-assemblies, or segments. eThagspect to the table. The rotary assemblies arigmisb to

segments are individually assembled and pre-loaatedl then
combined in a full-length structure.

hydraulically raise the segments with respect edtadle and
orient them azimuthally to engage the segment-gurent



alignment pins. After removing the 0.85 m long riels, the
first two segments, floating on the air palletse airawn
together with the 1.7 m long tie rods by using arhylics

array (see Fig. 10e). The tie rod nuts are thequixt and the
hydraulics assembly depressurized and removed. sahee
procedure is used on segments 3 and 4 and fouthlerigth

assembly. As shown in Fig. 10f, the air pallets psufping

segments 3 and 4 are activated simultaneouslylaatifl into
alignment with the segments 1 and 2. The 3.4 g jake tie
rods are then inserted and the hydraulics arraxésl, again,
to draw the total assembly together.

Fig. 11. Section 2 dumy coilépad sub—ass'emly)(mﬁd yoke-shell sub-
assembly (right) instrumented with strain gauges.

To complete the assembly, the full-length coil pask
placed on a specially designed insertion structilma is
accurately positioned in line with the fully asséeabshell-
yoke sub-assembly (see Fig. 10 g)). The coil-pagk-s
assembly is then pulled by a winch in the shelleyaub-
assembly sliding on the bottom master keys (alreéastalled
in the shell/lyoke structure). As a last step, ticess and top
master keys, the alignment keys, and the bladdergaerted
from both ends of the assembly and the azimuthadlifg
procedure executed.

To axially pre-load the four coils held inside tbal-pack,
four 4 m long 25.4 mm diameter stainless steellagids are
inserted in the clearance cavities created by gserabled
coil-pack, and connected to end-plates. A hydraafinder is
then installed on the lead ends of the axial rédsit bears
against the end-plate, the hydraulic cylinder steméously
stretches the axial rods and compresses the cddflya The
force is finally locked by stainless steel nuts.

VI. COOL-DOWN TEST

In order to characterize the structure and validate 3D
finite element mechanical model, a 0.85 m long s&ym

(segment 2) of the structure was assembled withr fo

aluminum dummy coils and cooled-down to 77 K. Thells
was instrumented with four half-bridge strain gaigdaced
over the four magnet mid-planes. An identical strgauge
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Fig. 12. Gauge measurements of azimuthal and sixeds (MPa) in the shell
(markers) and comparison with computed values @thBhes).
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Fig. 13. Gauge measurements of azimuthal and axiaks (MPa) in the
dummy coils (markers) and comparison with compwaddes (dashed lines).

In total, 16 gauges, all thermally compensated ayggs
bonded on stress-free aluminum elements, were used
monitor the structure. The measured strain in thenathal
and axial directionsgp and &) was converted into stressy(
and o) using the relation

0¢9,z= ‘(]._ET)(‘S‘H,Z + ng,&)’

whereE and v are, respectively, the elastic modulus (78 GPa
at 77 K) and the Poisson’s ratio (0.34) of aluminufhe
gauge measurements of the shell and dummy co#sstee
shown in Fig. 12 and Fig. 13 (markers), and congpaveh
values expected from a 3D finite element model loé t
segment (dashed lines). At room temperature, tiedl slas
azimuthally pre-tensioned to +47 5 MPa (1x rms); this
resulted in a coil azimuthal pre-compression of +947 MPa.
After cool-down the shell and coil stress raised-i38+ 6
H/IPa and -231+ 23 MPa respectively. Along the axial
direction, the friction with iron yoke and pad, cheterized by
a lower thermal contraction, prevents the alumirshall and
coil from shrinking, thus generating respectivel§l+ 13

@)

set-up was mounted on the dummy coils. The gaug
measured the azimuthal and axial
longitudinal center (see Fig. 10 d)).

irai t the mia a and +74+ 7 MPa of tension. In both directions, the
strain- & € gr};lgreement with the numerical predictions is vergdjo



VII.

The LQS01 magnet will be the first 3.7 m long &dgpe
guadrupole magnet assembled
structure. The present design of the structurdasréesult of
the experience gained during the development ofLthRP
SQ, TQS, and LRS magnet series. Additional featinaase
been incorporated to provide alignment betweencsiral
components and to facilitate the use of long blaslde

At 4.5 K, LQSO01 is expected to generate a gradiér40
T/m, with a peak field of 12.3 T in the straightsen of the
layer 1 pole turn. The same peak field is expeateithe end
region. The structure pre-compresses the coil s tio
separation is expected between conductors and gietes,
both in the straight section and in the ends, dheemagnet is
energized.

CONCLUSIONS ANDNEXT STEPS

A new assembly procedure, featuring four 0.85 mglon

segments of the structure pre-assembled indivigwzedt then
combined together, has been defined. A cool-dowh @é a

0.85 m long version of the structure assembled ratou

(6]

in a shell-type suppbft

8l

19

[10]

[11]

[12]

[13]
[14]

aluminum dummy coils was performed. The strain waﬁs]

monitored with strain gauges mounted on the shell@n the
dummy coils. Very good agreement was found betwtben
predictions of a 3D finite element model and strgauge
measurements.

Fig. 14. Pre-loaded segments 1 and 2 on air pallets

At the time of the submission of this paper, alke th
components of the structure have been fabricatedo T2

[16]

[17]

[18]

[19]

[20]

[21]

[22]

complete yoke-shell segments (see Fig. 14) haven bee

assembled and the air pallet system has been sfigibes
tested on a segment.

As a next step, the two segments will be conneittgdther
with 1.7 m long tie rods. The full assembly anddiog of the
entire structure with 3.4 m long dummy coils is esied to be
completed in the coming months.
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